Abstract: Ultrasound treatment, as an alternative to chemical and radiation-based processes, is an interesting technique for the modification of average molecular weights of natural and synthetic polymers in aqueous solution. Degradation is the observed main effect for strongly hydrophilic compounds -poly(acrylic acid) and chitosan. It is demonstrated that this process is caused by OH radicals as well as mechanochemical effects. Studies on more hydrophobic polymers -poly(ethylene oxide) and poly(ethylene glycol)s -indicate that here cross-linking and degradation occur side-by-side. The net effect of these competing reactions depends on the length of the polymer chains.
Introduction
Polymers constitute the most versatile class of biomaterials, extensively applied in medicine, pharmacology, biotechnology etc. Current research and development is focused on surgical devices, implants and supporting materials (e.g., artificial organs, prostheses and sutures), drugs and drug-delivery systems, carriers of immobilized enzymes and cells, ocular devices and materials for tissue engineering as well as for orthopaedic applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The common feature required for such applications is a high degree of tolerance of these materials in contact with tissues, organs, blood etc. As a consequence, biomaterials have to be adjusted to very critical requirements. The choice of a proper material, for a given application, is very important and is primarily ruled over by the end use of the biomaterial. It involves selection not only on the basis of physicochemical and mechanical properties (e.g., mechanical strength, density, elasticity, permeability, ageing) but also on extensive biochemical characterization followed by specific preclinical testing of the chosen material [11] [12] [13] . Some of these properties may be fine-tuned to meet the specific needs by regulating the molecular weight and structure of macromolecules (linear, branched, cross-linked, etc.).
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While for most synthetic polymers molecular weight may be controlled by choosing the proper procedure and parameters of polymerization, this is no longer the case for natural polymers. Moreover, if a cross-linked structure is desired, cross-linking of polymer chains in monomer-free systems (polymer modification) has some advantages over cross-linking polymerization of monomers (polymer synthesis).
The aim of this work is to demonstrate the usability of ultrasound treatment, as a nonclassical alternative to the known chemical methods, in modification of water-soluble polymers leading to the reduction of the average molecular weight or, on the contrary, to intermolecular cross-linking. To our knowledge, the latter effect has not been demonstrated before, at least for synthetic polymers. Our aim was also to show what are the conditions promoting ultrasound-induced cross-linking and, at the same time, reducing the effectiveness of degradation. Furthermore, we wanted to demonstrate the importance of OH-radical-induced reactions in sonochemistry of polymers in the 10 5 -10 6 Hz frequency range. This mechanism is often neglected in the literature.
The advantage of ultrasonic treatment is that no chemicals are used and, in consequence, there is no need for further purification steps, no waste is generated and the process itself is very simple to perform. Moreover, under special conditions it is possible to obtain samples of specific molecular weight distribution or, possibly, also of specific architecture.
Ultrasound of appropriate power and frequency interacts with matter and, in particular, it causes pressure variations in liquids. If the temporary reduction of pressure falls below the threshold of tensile strength of the liquid, a violation of continuity in the liquid occurs in the form of a small bubble filled with vapour (and gas, if it is present in the liquid as a solute, as well as molecules of any other volatile solutes). The formation of these bubbles and their subsequent collapse is called cavitation. The first mechanism is connected with the implosive collapse of a bubble, caused by high-frequency ultrasound, this is an adiabatic process and leads to a rapid and momentary temperature increase up to several thousand K in the gas phase of the collapsing bubble (values of c. 5000 K and c. 3400 K have been measured for some organic solvents and water, respectively) and well above 1000 K in the thin layer of liquid adjacent to the cavity [14] [15] [16] . Solvent molecules, abundant in the collapsing bubble, may dissociate to form radicals. In the case of water, hydroxyl radicals and hydrogen atoms are generated. Part of these radicals diffuses out of the cavity to the surrounding liquid, where they can react with solute molecules. This mechanism makes sonochemistry similar, in a sense, to radiation chemistry of dilute solutions, where at first solvent radicals are generated that subsequently attack the solute [17] . Therefore, polymers during sonolysis can undergo OH-radical-induced processes that lead to degradation [18] [19] [20] [21] , but, in principle, they should be also capable of inducing cross-linking [22] .
In the second mechanism polymers in solution can undergo pyrolysis in the hot interfacial region between the bubble and the surrounding liquid [23] .
The last mechanism results from the shear forces generated around collapsing cavitation bubbles. This hydrodynamic shear has no significant influence on small molecules, but is capable of breaking the chains of polymers (provided that the chains are longer than a certain limit). Characteristic features of this mechanism are that it proceeds in a non-random manner (breakage near the mid point of the chain is preferred), and that there is a definite minimal chain length limiting the degradation process. When it is reached, no further chain scission is observed [23] [24] [25] [26] [27] [28] .
Experimental part
Poly(ethylene oxide) -PEO (Aldrich, nominal average molecular weight 200 kDa), poly(ethylene glycol) -PEG (Fluka, nominal average molecular weight 9 kDa and 20 kDa), poly(acrylic acid) -PAA (Aldrich, nominal average molecular weight 450 kDa), chitosan (from crab shells, with c. 88% degree of deacetylation estimated by the potentiometric titration method [29, 30] , custom-synthesized at the Sea Fisheries Institute, Gdynia, Poland [29, 31] ), and tert-butanol (Fluka) were used as received.
All solutions were made up in water purified with a Nanopure II system (Barnstead, USA). Solutions containing PEO and PEG were sonicated at neutral pH (c. 6.0), while in experiments on chitosan pH was set to 3.0 (chitosan is not soluble in neutral aqueous solutions) and on PAA pH was set to 2.0 (in order to suppress dissociation of carboxylic groups). Perchloric acid was used to set pH in both cases, since perchlorate anions, in contrast to, e.g., chloride, do not react with OH radicals.
All polymer concentrations are given in mol/dm 3 of the repeating unit. In case of chitosan, which is a copolymer, the molar mass of the repeating unit was assumed as 165 Da.
Sonications were performed in a URS-1000 ultrasonic reactor set-up (Allied Signal Elac-Nautik, Kiel, Germany), consisting of a CESAR wave generator and amplifier, ultrasonic transducer and a thermostated cylindrical reactor of 500 ml capacity (Fig.  2) . The vibrating element of the transducer, covered with stainless steel, formed the bottom of the reactor. The reactor was filled with water and the sample (10 ml) was contained in a small gas-tight, flat-bottom glass vessel placed in the central part of the reactor. Before sonication, the sample was saturated with argon. During sonication, the small vessel was rotated at c. 3 rev/s in order to assure uniform ab-sorption of ultrasound energy. Ultrasound frequency was 360 kHz; the average bulk temperature of sonicated solution was 22 ± 2°C. The dose rates of ultrasound absorption, equal to 85 and 170 W/kg at the nominal output powers of 50 and 100 W, respectively, were determined by calorimetry [20] . Weight-average molecular weights of PAA, PEO and PEG were determined by multiangle laser light-scattering on a BI-SM200 set-up (Brookhaven Instruments) equipped with an Innova 90C argon ion laser (λ = 514.5 nm). PEO and PEG solutions were analyzed at neutral pH. The refractive index increment of these polymers is dn/dc = 0.134 cm 3 /g at 25.0°C [33] . In the case of PAA, after sonication pH was changed from 2.0 to 10.0 (NaOH) and sodium perchlorate was added up to a final salt concentration of 0.5 M in order to achieve a coiled conformation of the PAA chains. The refractive index increment in this solvent is equal to 0.30 cm 3 /g at 25.0°C [34] . Directly before the light-scattering measurements, all solutions were passed through filters (Minisart, Sartorius) of 0.45 µm pore size. Intensity of scattered light was measured for at least 5 dilutions of each sample in the angular range 30° -120°. The Zimm-plot algorithm was applied for evaluation of the results [35] . All presented data points are averages of at least 3 independent measurements.
Results and discussion
Chitosan and poly(acrylic acid) are hydrophilic polymers that show no tendency to accumulate at the interface between cavitation bubbles and solution. When PAA and chitosan solutions are subjected to ultrasound action, degradation is observed. Results for PAA (Fig. 3) indicate that the average molecular weight decreases significantly with increasing absorbed ultrasound dose. Addition of an effective OH 4 radical scavenger (5 mM tert-butanol) caused reduction of sonolysis chain scission of PAA. The presence of tert-butanol at this concentration nearly eliminates sonochemically generated OH [36] (except in special cases, see below), but does not weaken the cavitation process itself.
These data were converted into the concentration of chain breaks (inset in Fig. 3 ) according to the formula [37] :
where M w0 and M w are the weight-average molecular weights (in g/mol) before and after sonication, with c being the concentration of polymer in g/dm 3 . The number of broken bonds increases with sonication time. From the dosedependence of the chain break concentration, the sonochemical yields of chain scission (G s ) were calculated. When tert-butanol is absent, the yield of chain scission amounts to 1.8·10 -10 mol/J (mean value in the measured time range). This value drops down to 1.2·10 -10 mol/J upon addition of OH scavenger.
In case of chitosan, we followed the degradation process by using viscometry to obtain the viscosity-average molecular weights M v . In the estimation of chain scission yields, the weight-average molecular weight (M w ) was assumed to be equal to the viscosity-average molecular weight (M v ) -this may lead to a systematic error not exceeding 20%, and some error resulting from the use of calculations based on empirical Mark-Houwink parameters. Changes in intrinsic viscosity and M v caused by ultrasound action are shown in Fig. 4 .
Similarly as in the case of PAA, the efficiency of chitosan degradation is lower in the presence of tert-butanol. In Fig. 5 is illustrated the concentration of chain breaks as a function of sonication time. The average yields of chain scission in the studied time range are G s = 4.7·10 -11 mol/J and G s = 0.6·10 -11 mol/J in the absence and presence of OH scavenger, respectively. Values of the same order are obtained by M w measurements of sonicated chitosan samples by laser light scattering [38] . The data for PAA and chitosan indicate that addition of an OH scavenger leads to a reduction, but not to complete suppression of the ultrasound-induced chain scission of these polymers. This points out that OH-induced chain scission plays an important role in the overall degradation effects of these hydrophilic polymers, but it is not the only factor. Hydrodynamic forces leading to mechanochemical scission and possibly also pyrolysis contribute to this process.
It is well known that, at least in oxygen-free solutions, hydroxyl radicals may initiate cross-linking reactions in many water-soluble polymers. Moreover, these reactions, utilizing radiation generation of OH in aqueous polymer solutions, are the basis of large-scale commercial applications in hydrogel synthesis for biomedical purposes [39] . If cross-linking can be initiated by radiation-generated hydroxyl radicals, it should be also possible to initiate this reaction by sonochemically generated OH.
If intermolecular cross-linking is to be detectable and effective, it must dominate over chain scission, i.e., there should be a net increase in the average molecular weight and in the molecular dimension of macromolecules. This is more difficult to achieve in sonochemistry than in radiation chemistry. This is mainly due to the effective mechanochemical degradation accompanying sonication of polymers in solution. We believe that this is the main reason why OH-induced cross-linking does not show up in sonochemical experiments even in the frequency range where OH radicals are efficiently generated.
In order to demonstrate the presence of sonochemically induced cross-linking reactions, one should select such conditions where this reaction is promoted, while the yield of degradation is reduced. It has been demonstrated before that the susceptibility of polymers to mechanochemical scission depends on their molecular weight. Long chains are easily degraded, while chains shorter than a certain critical value are not degraded at all. This immediately points out to oligomers as potential candidates for sonochemical cross-linking tests. Another problem is the competition between OH-induced cross-linking and OH-induced scission. We shall eliminate the polymers that, due to their particular chemical structure, are in general very prone to freeradical degradation (chitosan, and polysaccharides in general, are good examples). When we limit our choice to the polymers that can be effectively cross-linked in solution upon the action of OH radicals, the problem is actually reduced to the kinetic competition of chain scission (being a one-radical reaction in the absence of oxygen) and cross-linking (being a recombination of two radicals). Elementary kinetics suggests that the higher the momentary radical concentration, the higher the probability of recombination. In order to achieve a high concentration of polymer radicals in solution, we should have an efficient generation of OH radicals, and efficient transfer of reactivity to polymers. The latter condition requires high polymer concentration, since otherwise a part of the OH radicals is lost due to self-combination. In contrast to radiation chemistry, in sonochemistry we cannot, however, work at high polymer concentrations, since this implies high viscosity that can reduce the efficiency of cavitation. Fortunately, this problem can be solved by making use of the non-homogeneous character of OH generation by ultrasound. Hydroxyl radicals are generated only locally, inside the cavitation bubbles, and some of them diffuse to the solution. Because of that, the local OH concentration in the water layer adjacent to the bubble may reach millimolar levels, while their average concentration in the system must be by several orders of magnitude lower. Water-soluble substrates of pronounced hydrophobic properties tend to accumulate at the gas-liquid interface, i.e., at the surface of cavitation bubbles. Recently we have shown that this effect is also very effective for polymeric compounds [40] . Now we may make use of this effect, and select a polymer that, despite its low average concentration in solution, accumulates at the surface of the bubbles and there, in the reaction zone with OH radicals, its concentration is high, as required for efficient cross-linking.
In order to test this approach, we examined three relatively hydrophobic, but watersoluble polymeric compounds of the same structure of the repeating unit: PEO with a nominal average molecular weight of 200 kDa, and two PEG samples with nominal average molecular weights of 20 kDa and 9 kDa. All of them react in a diffusioncontrolled manner with OH (reaction 2) with the formation of polymer radicals, which can subsequently recombine.
For high-molecular-weight PEO we generally observe a decrease in the average molecular weight upon sonication (Fig. 6) . However, it is evident that the effect of tertbutanol is now different from what we have seen above in the case of degrading polymers. Here in the presence of OH scavenger the degradation is very efficient (the yield of chain scission is 4.1·10 -11 mol/J), but it becomes less pronounced in its absence, when all OH radicals are allowed to react with polymer. This indicates that, while mechanochemical effects are responsible for degradation, OH-induced reactions lead to an increase in the average molecular weight, i.e., we have an indication of intermolecular cross-linking. Reducing the chain length of our polymer should decrease or even eliminate mechanochemical scission. In fact, for oligomer samples an increase in the average molecular weight is observed upon sonication (Figs. 7 and 8 ). Cross-linking is more pronounced for PEG sample of the lowest initial molecular weight.
It is interesting that the domination of cross-linking is evident only for relatively low sonication times (and doses); further sonication results in a decreasing average molecular weight. It seems that the initial cross-linking events lead to the formation of large structures that are susceptible to mechanochemical scission. One should bear 8 in mind that the measured values of molecular weight are averages -actually after a given sonication time we may have still some unreacted material and some structures of high molecular weight (much higher than the average values), and the latter in the next stages may be subjected to mechanochemical destruction. Somewhat similar M w = f(sonication time) relationships, with a distinct maximum, were reported previously for ultrasound-induced polymerizations [41] . In principle, basing purely on the reactivity of tertbutanol with OH radicals, one should expect total suppression of cross-linking, as an OH-induced reaction, already at a scavenger concentration of a few mM. In PEG solutions this is, however, not the case. Fig. 9 illustrates the dependence of the final average molecular weight after 60 s of sonication on the tert-butanol concentration. The suppressing effect of tert-butanol is weaker than anticipated, i.e., even at 50 mM concentration the OH scavenging is not complete. This is, however, fully understandable when we take into account the association of PEG molecules at the surface of bubbles, from which OH radicals emerge. tert-Butanol is also hydrophobic, but in this case it has to compete with PEG for the space at the bubble surface and, what is probably even more important, it has to compete in the reaction zone for OH with PEG, which is present there at high concentrations (at least an order of magnitude higher than the average concentration in solution). There is no doubt that further work is needed to provide deeper understanding of the sonochemically-induced cross-linking reactions. In particular, studying the changes in molecular weight distribution should be very informative in this respect.
Conclusions
Sonolysis (360 kHz) of argon-saturated aqueous solutions of high-molecular-weight hydrophilic polymers, like chitosan and poly(acrylic acid), leads to a reduction of the average molecular weight due to both mechanochemical degradation and to OHradical-induced chain scission.
The net result of the competition between ultrasound-induced scission and intermolecular cross-linking depends on the chemical structure of the polymer and on its chain length. Cross-linking is promoted for hydrophobic polymers (able to accumulate in the OH-reaction zone in the vicinity of the cavitation bubbles) of relatively low molecular weight, since mechanochemical scission is not effective for short chains. Sonication of poly(ethylene glycol) oligomers leads to an increase in the average molecular weight.
In the case of hydrophobic polymers, the typical OH-radical scavenger tert-butanol is less effective in removing hydroxyl radicals from the system, because of a strong competition for OH between the scavenger and polymer molecules accumulated in the reaction zone.
Our results indicate that sonochemistry may be a valuable tool for the modification (regulation of molecular weight, formation of cross-linked structures) of water-soluble polymers.
